A quick and simple method for the radioimmunoassay of plasma cortisol is described. The mean morning plasma cortisol concentration in 43 normal subjects was 9.8 ± 3.1 (S.D.) /Lg/l00 ml with a range of 5.0-19.5 /Lg/l00 ml. Mean midnight concentration in 24 normal subjects was 4.3 ± 2.3 (S.D.) /Lg/l00 ml with a range of 1.4-9.6 /Lg/l00 ml. When compared with the fluorimetric method the mean results by radioimmunoassay of 154 routine specimens were 23 %lower. In samples from
unstimulated patients, regression analysis of results obtained by the two methods gave a correlation coefficient (r) of 0.93, regression line slope of 1.1, and intercept of 1.4 /Lg. Mean radioimmunoassay results were 15% lower. When plasma cortisol concentration was above the normal range (> 30 /Lg/l00 ml) the regression line slope was 0.87, the intercept 17.9 /Lg, r = 0.87 and mean radioimmunoassay results were 37 % lower. Plasma cortisol concentration in patients after insulin or Synacthen stimulation exhibited similar responses when measured by either method. Plasma cortisol concentration in normal subjects given metyrapone was lower when measured by radioimmunoassay (mean ± S.D. = 8.7 ± 2.7 /Lg/IOO ml) than when measured by fluorimetry (18.5 ± 10.8 /Lg/l00 ml). The diagnostic usefulness of the two methods, ease of assay, and costs are compared.
MATERIAL AND METHODS radioimmunoassay and fluorimetry under pathological conditions and after provocative clinical tests so that normal ranges and responses could be established for the diagnostic use of radio immunoassay in routine clinical service.
Buffer
Phosphate buffered saline (PBS) consisted of O.IM sodium phosphate (pH 7.0) with O.l5M sodium chloride and 0.1 %sodium azide made up in deionised glass-distilled water.
Gelatin PBS was prepared by dissolving gelatin (0.1 %) in PBS.
Steroids
Radioactive labelled cortisol (1, 2, 6, 7 (n)-3Hcortisol, Radiochemical Centre, Amersham) was diluted with ethanol, an aliquot dried under nitrogen and the residue dissolved in gelatin PBS to give approximately 20000 d/min in 100 p,1.
Antibody
An antiserum to cortisol-21-monosuccinate-human serum albumin (S-162 3) was purchased from Dr.G. Abraham, Harbor General Hospital, California. The antiserum was diluted (1 :500) with gelatin PBS to give approximately 50 % binding of 3H-cortisol in the absence of unlabelled cortisol.
The widely employed fluorimetric assay of plasma cortisol (Mattingly, 1962) has been replaced in many laboratories by the competitive protein binding assay (Murphy et al., 1963; Nugent and Mayes, 1966; Murphy, 1967) and comparisons of the two methods have been published (Crowley et al., 1975; Gore and Lester, 1975) . The production of specific antisera to cortisol-21 -hemisuccinate -albumin Ruder et al., 1972; Vecsei et al., 1972) has provided the opportunity to measure cortisol with the minimum of interference from precursors, metabolites, analogues, or drugs.
Limited data on the radioimmunoassay of plasma cortisol concentration in normal men and women during the day have been collected Ruder et al., 1972; Colburn, 1975) . However, normal midnight values as measured by radioimmunoassay have not been established. Colburn (1975) has compared results of the fluorimetric assay of 35 random plasmasamples with radioimmunoassay using an unusual antiserum raised to prednisolone conjugated via the 3 position. A comprehensive evaluation of the relative values obtained by radioimmunoassay and fluorimetric assay of samples from normal subjects and patients subjected to clinical diagnostic tests has not been made.
The purpose of the current study was twofold. Firstly, to develop a radioimmunoassay for plasma cortisol which compared favourably with the fluorimetric method in simplicity, efficiency of use, accuracy, and cost. Secondly, to establish the normal Dextran coated charcoal morning and midnight ranges of plasma cortisol
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Radioimmunoassay
One hundred microlitres of plasma samples and 400 iLl water were heated at 70 cC for 10 minutes in 12 x 75 mm glass tubes. PBS (2.0 ml) was added, the tubes were vortexed and duplicate 100 iLl aliquots were transferred to 12 x 75 mm glass tubes. Duplicate standards of 50, 100, 250, 500, 1000, and 5000 pg of cortisol in 100 iLl PBS were also prepared. 3H-labelled cortisol solution, 100 iLl, in gelatin PBS was then added, followed by 100 iLl of the cortisol antiserum. Tubes were vortexed, incubated at 37 cC for one hour, cooled to 4 c C, and then 0.5 ml dextran coated charcoal solution was added. The tubes were shaken, allowed to stand for 10 minutes at 4"C, and then centrifuged at 2000 g for 10 minutes at 4 CC. The supernatant was decanted into vials containing 10 ml Instagel (Packard Instruments) and the radioactivity assayed by liquid scintillation spectrometry.
Fluorimetric assay
Plasma samples were also assayed by a modification of the fluorimetric method of Mattingly (1962) , using 1 ml of plasma.
Plasma samples
To establish normal ranges, blood was collected between 9 a.m. and midday, and at midnight, from normal healthy subjects aged 50 years or less. None ofthe subjects was on any medication and none of the women was pregnant.
Blood samples received consecutively for routine plasma cortisol measurements from patients were also assayed. Specimens were collected at various times of the day and after Synacthen or intravenous insulin administration. All samples were assayed by the fluorimetric assay and by radioimmunoassay. Plasma samples taken from normal subjects after administration of Synacthen or metyrapone were also assayed by both methods.
RESULTS

Standard curve
Under the conditions employed in our assay, increasing quantities of unlabelled cortisol in the range 50 pg to 5000 pg displaced 3H-eortisol ( Fig. 1) .
At the 95 %confidence limits, binding with 50 pg was significantly different from zero.
Precision
The intra-and interassay coefficients of variation over the range of the assay were 3.4% (N = 12) and 10%(N = 13)respectively. 
Accuracy
The accuracy of the method was established by adding increasing quantities of cortisol to plasma, low in endogenous cortisol, and then assaying the samples. Four assays were carried out, in duplicate, at each dose level. When 5, 10, 15, and 20 ng were added to 100 iLl of the plasma, a mean (± S.E.M.) of 5.4 ± 0.36 ng, 10.5 ± 0.28 ng, 15.2 ± 0.38 ng, and 19.7 ± 1.2 ng respectively, was recovered.
Specificity
Cross-reaction of the antiserum, as indicated by the comparative mass of steroid required to displace 50% of 3H-cortisol bound to antibody, was 11 % with cortisone, 6 % with corticosterone, 4 % with l l-deoxycortisol, and 2 % with progesterone. Since the concentration of these steroids in normal plasma is less than 1 iLg/lOO ml (Nugent and Mayes, 1966) , the cross-reactions are negligible. Other naturally occurring steroids had low cross-reaction. Of the steroid drugs commonly used in clinical practice, prednisolone cross-reacted 38 %, 9cx-fluoro-cortisol, dexamethazone, and prednisone all exhibited less than 1 % cross-reactivity. The slopes of displacement curves of all cross-reacting steroids were less than that of standard cortisol.
Plasma cortisol concentration in normal subjects
The mean and range of cortisol concentration in Rcdioimmunoo ..ay l/-lq/lOOmil is a linear relationship with slope of 1.1 and an intercept of 1.4 fLg, indicating that the fluorimetric method gives results which are generally higher by this amount. Mattingly (1962) , in fact noted that mean non-specific plasma fluorescence in patients with inactive adrenal glands was 2.5 fLg/1OO rnl, The correlation between the two assays in specimens from patients undergoing the insulin stress test was very similar to that found in unstimulated patients (Table 2) . Moreover, the relative changes in plasma cortisol after insulin treatment were similar when measured by the two methods (Table 3) .
Regression analysis comparing results obtained by the two methods in the high range (usually after Synacthen) gave a slope of somewhat less than unity (0.87) with an intercept of 17.9 fLg/1OO ml ( Table 2 ). The large intercept value is due to the fact that in samples with very high cortisol content, as measured by the fluorimetric assay, theradioimmunoassay gives results 37 %lower (Table 2) . Nevertheless, the mean increase in plasma cortisol in patients responding to Synacthen was similar when assayed by the two methods (Table 3) .
In normal subjects plasma cortisol concentration as measured by radioimmunoassay decreased by half (16.6 to 8.7 fLgjl00 rnI) after administration of metyrapone. By contrast, fluorimetric assay of the same samples exhibited no significant decrease after metyrapone (Table 3 ). Sl conversion: "g/Ioo ml x 27.6 = nmol/I plasma for normal men and women during the day and at midnight are shown in Table I .
Comparison of radioimmunoassay with fluorimetric assay ofroutine plasma samples
The Mattingly fluorimetric assay has been used routinely in this laboratory for nine years. It has been found to conform with the published characteristics of the assay and participation in the Wellcome Group Quality Control Programme has established that our results agree with those obtained by fluorimetric assay in other laboratories. During a fourmonth period preceding this study, mean results in our laboratory differed by 12 %from the mean in all other laboratories. The range for normal subjects is taken as 6-26 fLg/1OO ml between 9 a.m. and 10 a.m, and less than 10 fLg/1OO ml at midnight. The mean concentration of cortisol in 154 plasma samples from patients was 19.8 ± 13.1 fLg/1OO ml by fluorimetric assay and 15.2 ± 9.4 fLg/1OO rnl by radioimmunoassay.
The results obtained by radioimmunoassay and fluorimetric assay were compared by linear regression analysis. In Fig. 2 The mean plasma cortisol concentration, f1uorimetric determination, in a patient with adrenocortical carcinoma was six times greater than when measured by radioimmunoassay (Table 3) .
tion was good (r = 0.87), mean cortisol concentration by radioimmunoassay was 37% lower. Other studies comparing f1uorimetric assay with radioimmunoassay (Colburn, 1975) and competitive protein binding assay (Gore and Lester, 1975) have not reported this large difference. This is presumably because very few plasma samples of cortisol concentration greater than 30 /Lgj100 ml were assayed. Further investigation is necessary to explain this phenomenon but it seems likely that another fluorescing steroid (or possibly more than one) other than cortisol is produced by the excessively stimulated adrenal.
The enhanced specificity of radioimmunoassay is suggested by the observation that the mean plasma cortisol concentration of all 154 routine specimens was 23 % lower than when estimated by f1uorimetric assay. This mean value includes high range samples (> 30 /Lgjl00 ml) which were 37 % lower by radioimmunoassay. In the normal range (unstimulated or insulin-stressed patients) radioimmunoassay results were 15% and 17% lower. In a comparison of 35 random samples of plasma, Colburn (1975) found that mean plasma cortisol concentration was 17 % lower by radioimmunoassay, while Gore and Lester (1975) reported that competitive protein binding assay gave results that were 16 % lower than by f1uorimetric assay. Thus, in spite of the greater specificity of the radioimmunoassay compared with the competitive protein binding assay reported by Murphy et al. (1963) (for example, cross-reaction of the current assay with corticosterone 6 % cf. 61 %; ll-deoxycortisol 4 %cf. 89~~; and progesterone 2 % cf. 20%), similar results are obtained. This may be explained by the fact that the concentration of these cross-reacting steroids in plasma of normal subjects is low « 1 /LgjlOO ml) (Nugent and Mayes, 1966) .
These observations are not consistent with the report of Garza and Abraham (1972) that radioimmunoassay of cortisol in plasma samples gave values approximately 50% lower than did competitive protein-binding assay.
Radioimmunoassay, like competitive proteinbinding assay, allows accurate quantitation of cortisol in plasma containing substances interfering in the f1uorimetric assay as is found in diabetic and jaundiced patients, and in patients treated with drugs such as spironolactone (Gore and Lester, 1975) . Mean values of cortisol in plasma from normal subjects after metyrapone were significantly lower (less than half) when measured by radioimmunoassay (Table 3) , whereas the f1uorimetric assay of the samples showed no changes. The competitive protein-binding assay is also inappropriate for direct assay of cortisol after metyrapone because metyra-15.3 ± 3.7 52.2 ± 9.9 13.8 :L 1.4 23.9 ± 1.9 22.4 :L 5.5 18.5 ± 5.4 111.3 ± 14.3 8.7 ± 1.4 19.0 ± 1.8 16.6 J: 2.4 14.6 ± 5.6 44.1 :t 8.4 11.9 ± 1.0 18.2±1.4
Radioimmuno-
Fluorimetric assay assay
Patients
Before Synacthen (7) 6 hours after Synacthen (7) Before insulin (9) 60 minutes after insulin (9)
Normal subjects
Before metyrapone (4) After 6 x 750 mg metyrapone (4) Adrenal carcinoma (4) (Single patient)
DISCUSSION
The radioimmunoassay described has an accuracy, precision, sensitivity, and specificity comparable with previously described radioimmunoassays. The mean morning (9 a.m.-12 noon) plasma cortisol concentration in 43 normal subjects of 9.8 /Lgjl00 ml and range of 5-19.5 /Lgjl00 ml is similar to previously reported values of 8.0 /Lgjl00 ml (8 a.m.) , 12.4 /Lgjl00 ml (8 a.m.) (Ruder et al., 1972) , and 15.0 /Lgjl00 ml (8.30 a.m.) (Colburn, 1975) . Radioimmunoassay of midnight plasma cortisol concentration in normal subjects has not been previously determined. In the current study of 24 subjects, the mean result of 4.3 /Lgjl00 ml and range of 1.4-9.6 /Lgjl00 ml conforms to the accepted normal midnight value by f1uorimetric assay.
Since there is a good correlation between results obtained by radioimmunoassay and fluorimetric assay in the unstimulated patients and the slopes of the regression curves approach unity, it appears that a direct conversion of the accepted normal fluorimetric values and responses to provocative tests in this range can be used in clinical practice. This conclusion is supported by the fact that the two methods gave similar results in the insulin stress test (Tables  2 and 3) . Again, after the Synacthen stimulation test both methods gave mean results which exhibited a threefold increase over basal levels (Table 3) . Nevertheless, some caution may be necessary, in assessing results in the high range since, although the correla-pone cross-reacts strongly with ll-deoxycortisol (Murphy et al., 1963) and elevated values after metyrapone would be also anticipated. Thus, the present radioimmunoassay may be useful for determining directly whether a patient has been exposed to reduced circulating cortisol when assessing the increase in l l-deoxycortisol in the simplified metyrapone test devised by Spark (1971) . Previously it has been necessary to extract the two steroids separately before quantitating by the competitive protein binding assay. Other steroids which are potential sources of interference in the competitive protein binding assay (Crowley et al., 1975) but do not cross-react .significantly in this radioimmunoassay, are prednisone and progesterone.
The greater specificity of the radioimmunoassay was further suggested by the present observations that cortisol estimations by the fluorimetric method in a patient with adrenocortical carcinoma were six times greater than the values measured by radioimmunoassay. The elevated levels measured by fluorimetry may be due to the fluorescence of other adrenocortical steroids. The abnormal production of adrenal steroids in this patient was exemplified by the elevated daily urinary excretion of l l-deoxytetrahydrocortisol and tetrahydrocortisone which were 41 mg and 18 rng respectively (normal values 0.4 mg and 3 rng), while tetrahydrocortisol excretion was normal at 1.1 mg.
Apart from the enhanced specificity of cortisol quantitation by radioimmunoassay, there are several other advantages over the fluorimetric assay. The sensitivity of the method allows cortisol estimations in as little as 10 iLl of plasma. The work load is considerably less, and a large number of specimens can easily be assayed in a single batch. The reduction in work load is due, partly, to the simple procedure of heat denaturation of diluted plasma instead of using conventional organic solvent extraction as in the fluorimetric assay and in a previously described radioimmunoassay Ruder et al., 1972) . The quantitative recovery of cortisol added to, and equilibrated with plasma demonstrates that all the cortisol bound to transcortin is liberated when the protein is heat-denatured.
Radioimmunoassay of cortisol also avoids the use of potentially hazardous concentrated acid employed in fluorimetry and is not subject to the high blank values frequently encountered in the fluorimetric assay. A further advantage of the radioimmunoassay is the wide range (50-100fold) as compared with the relatively narrow direct assay range (fourfold) encountered in the fluorimetric and competitive protein binding assay (Murphy et al., 1963) .
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Excluding capital equipment and labour costs, the cost of a single determination (done in duplicate) is approximately 20p by radioimmunoassay and lOp by fluorimetric assay. Radioimmunoassay cost can, however, be reduced to as little as 2p per sample by using a yemitting radioactive cortisol label. In preliminary assays using 125I-tyrosine methyl ester of cortisol we found that the charcoal residue containing unbound radioactive cortisol may be counted thus obviating the need for expensive scintillating fluid and vials.
